IT IS generally agreed that the decision regarding operative treatment in adult patients with aortic valve disease must be based primarily on the presence of a structural defect in the aortic valve, which is responsible for significant hemodynamic and clinical disturbances. Yet to be resolved, however, is the question whether or not coexistent disease of the myocardium, or of the coronary circulation, plays an important role in limiting cardiac function in patients with aortic stenosis or regurgitation. Moreover, if myocardial dysfunction is significant preoperatively, the extent to which it may impair ventricular performance following corrective surgery also remains uncertain. The development of satisfactory prosthetic aortic valves, and their widespread clinical application, now permit an approach to these problems, since the function of the left ventricle may be examined after its mechanical burden has been relieved; any residual impairment of ventricular performance may then be attributed solely to abnormalities of the myocardium per se, or to impaired myocardial function due to coronary arterial insufficiency.
In the present study, patients were selected in whom the aortic valvular defect was proved by hemodynamic studies to have been effectively corrected by a valvular prosthesis. Left ventricular performance was assessed directly during left heart catheterization by determining the response of the ventricle to the stress of muscular exercise.
Methods
Fourteen patients were studied in the postab-sorptive state following premedication with 100 mg. of pentobarbital. All of the patients were men, ranging in age from 29 to 64 years; the pertinent clinical and hemodynamic findings are summarized in table 1. Thirteen of the patients were in sinus rhythm at the time of study, and one (L.T.) was in atrial fibrillation.
Prior to operation, 10 of the patients had valvular aortic stenosis with or without associated aortic regurgitation. One patient had pure aortic regurgitation, one had aortic regurgitation associated with a ventricular septal defect, and in another, aortic regurgitation was associated with congenital subaortic stenosis. The ventricular septal defect was closed at operation in patient C.H., and complete closure was confirmed at the postoperative cardiac catheterization study. In the remaining patient, both aortic and mitral stenosis were present, and mitral commissurotomy was also performed at the time of aortic valve replacement; no residual end-diastolic pressure gradient across the mitral valve was present at the time of study. Thirteen of the patients were studied 4 to 10 months after the aortic valve had been replaced with a Starr-Edwards ball-valve prosthesis.' In two of these patients (E.N. and W.L.), flexible Teflon valves of the Muller type2 had originally been inserted, but they became regurgitant and were replaced with ball-valve prostheses. One patient (R.H.) was studied 16 months after the insertion of a Muller valve, which was competent at the time of study.
All but one of the 14 patients were markedly improved following operation and had resumed essentially normal activity. Patient R.H. had dyspnea on moderate exertion, and he had experienced several attacks of congestive heart failure since operation. Two patients (R.S. and W.L.) had residual angina pectoris, although the pain occurred less frequently than prior to operation. Patient E.N. had mild dyspnea, considered to be secondary to chronic pulmonary disease. All of the patients except W.C. were receiving digitalis.
Catheterization of the left ventricle at the time of the postoperative study was performed either by the transseptal approach or by the percutaneous insertion of a short Teflon catheter* through the ventricular apex.3 A needle was placed into the brachial artery for pressure determinations, and cardiac output was measured by the indicator-dilution technic, with injection of indocyanine-green dye into the left ventricle and brachial arterial sampling. Oxygen consumption was determined by measuring ventilation with a Tissot spirometer, and the expired gas was analyzed with a micro-Scholander apparatus. Left ventricular and systemic arterial pressures, oxygen consumption, and the cardiac output were measured in the resting state. The patients then pedaled a bicycle ergometer for 5 to 7 minutes in the supine position. In 12 patients, the workload was 500 foot lb./min., and in two patients (R.H. and R.S.) it was 250 foot lb./min. During the final minute of exercise, the measurements of left ventricular and arterial pressure, cardiac output, and oxygen consumption were repeated. The "exercise factor" was defined as the increase in cardiac output in ml./min. per 100 ml./min. increase in oxygen consumption.4 5 The stroke work index of the left ventricle was calculated with use of the formula SV x (LVS -LVED) x 1.36 100 x BSA where SV= stroke volume in ml., LVS =mean left ventricular pressure during ejection, determined by planimetric integration, and expressed in mm. Hg, LVED = left ventricular end-diastolic pressure expressed in mm. Hg, and BSA = body surface area in M.2.
Results
At the time of the postoperative study the cardiac indices in the resting state were normal in 11 patients (over 2.50 L./min./M.2) and slightly reduced in three (2.20 to 2.37 L./min./M.2). The left ventricular end-diastolic pressures were normal in 11 patients (below 12 mm. Hg6) and elevated in three (14 to 24 mm. Hg); the latter three patients had normal cardiac indices. These left ventricular end-diastolic pressures contrasted with the findings of elevated end-diastolic pressures in all but two of the patients prior to operation (table 1).
The peak systolic pressure gradients between the left ventricle and the brachial artery averaged 12 mm. Hg in the resting state, and ranged from 0 to 25 mm. Hg; the mean gradients ranged from 0 to 15 mm. Hg and averaged 7 mm. Hg. No consistent changes in the gradients were induced by exercise, the gradients at peak systole during the exercise period ranging from 0 to 28 mm. Hg and averaging 14 mm. Hg. The alterations in heart rate induced by exercise are shown in table 1. Exercise resulted in substantial increases in the cardiac indices in 12 patients. When the increases in cardiac output were related to the increases in oxygen consumption, the exercise factors were found to be within normal limits for this laboratory in nine of these patients (over 600), and mildly reduced in three (462 to 540) ( fig. 1 ). In patient G.N. the cardiac index rose only slightly with exercise, the exercise factor being 255, and in R.H. the cardiac index declined.
The directional alterations in the left ventricular end-diastolic pressure that occurred during exercise consisted of reductions in two patients, no change in one, and increases in 11 patients; in eight of the latter 11 patients the increases exceeded 2 mm. Hg, and ranged from 3 to 11 mm. Hg. In nine patients, the left ventricular end-diastolic pressures remained below the upper limit of normal (12 mm. Hg) throughout the period of exercise, and in one patient it fell from 14 to 12 mm. Hg ( fig. 1 ); the records of left ventricular and brachial arterial pressures obtained in one of these nine patients (W.L.) before and during exercise are reproduced in figure 2. In the remaining four patients, the left ventricular end-diastolic pressures were abnormally elevated to levels of 13 to 28 mm. Hg during exercise; in two of these patients the enddiastolic pressure was also abnormal at rest.
The effects of exercise on the relationship between the left ventricular end-diastolic pressure and left ventricular stroke work are shown in figure 3 . In 12 patients the stroke work indices increased with exercise. In two patients there was a fall in the left ventricular stroke work during exercise. In both of these patients (R.S. and R.H.), the end-diastolic *Becton, Dickinson and Co., Rutherford, New Jersey. #01-0050. The relationship between the change in the left ventricular end-diastolic pressure and the change in the stroke volume induced by exercise is plotted in figure 4 . The normal response to this level of supine exercise indicated by the cross-hatched area, is an increase in the stroke volume, and a change in the left ventricular end-diastolic pressure that ranges from -5 to +2 mm. Hg.7 In five patients the responses to exercise were normal by these criteria. In one patient, both the left ventricular end-diastolic pressure and the stroke volume fell. In the remaining eight patients, the left ventricular end-diastolic pressures increased abnormally during exercise, from 3 to 11 mm. Hg. In three of these eight patients the increase in end-diastolic pressure was associated with an augmented stroke volume, in three there was little change in the stroke volume, and in two patients a fall in the stroke volume occurred.
Discussion
The clinical improvement evidenced by 13 120 of the 14 patients in the present study was striking, and was unquestionably related to the nearly complete correction of the mechanical defect in aortic valve function. It is of interest that the small pressure gradients that existed between the left ventricle and the brachial artery at rest were not increased during exercise despite elevations in the cardiac output, an observation that has previously been made both in patients with valvular aortic stenosis8 and with aortic valve prostheses.9 This finding can probably be explained, in part, by the increase in the total systolic ejection time per minute that accompanies the tachycardia of exercise.
Judged by the relationship between the increase in oxygen consumption and the elevation of the cardiac index, cardiac performance during muscular exercise in the group as whole was remarkably good, the exercise factors being normal for this laboratory ( patients residual myocardial or coronary artery disease did not impose serious limitations upon the over-all ability of the heart to meet the demands of the imposed stress. In contrast are the findings reported by Bristow et al.,9 who studied 10 patients following aortic valve replacement, all of whom exhibited marked clinical improvement; however, calculation of the exercise factors from their data reveals values of less than 600 in eight of the 10 patients. It should be appreciated that the present group of patients may not provide a representative view of the importance of myocardial dysfunction which may occur in aortic valve disease. Although the subjects were not selected, in the sense that the group included consecutive patients found to have satisfactory mechanical function of the prosthetic valve, it would seem likely that patients with more severe degrees of myocardial involvement either may not reach operation or may not survive the surgical procedure. Although the exercise factors were normal in most of the patients, there was other evidence that in many patients the left ventricular myocardium was not normal, and in these subjects determination of the exercise factor alone would have been inadequate for detecting the abnormality. Left ventricular enddiastolic pressure measurements have been made during exercise in only a few patients without left ventricular disease, and in these subjects the left ventricular end-diastolic pressure either falls, or it rises by less than 3 mm. Hg during the relatively mild degrees of supine exercise used in the present study.7 This finding is consistent with cineradiographic studies of radiopaque metal markers sutured to the epicardium which have demonstrated that a reduction in the size of the left ventricle always occurs during exercise.10 The responses in eight of the patients in the present study did not coincide with the normal patterns, the left ventricular end-diastolic pressure increasing by between 3 and 11 mm. Hg, and rising above normal levels in four patients. Increases in left ventricular enddiastolic pressure during exercise were also observed in five of the eight patients with prosthetic aortic valves studied by Bristow et al.9 It is of interest that the three patients in the present group who exhibited the largest increases in left ventricular end-diastolic pressure during exercise had normal exercise factors, emphasizing that determination of the relationship between the cardiac output and oxygen consumption alone may be insufficient in the evaluation of the left ventricular response to exercise.
In interpretion of the changes in left ventricular end-diastolic pressure, several pertinent experimental and clinical observations may be considered. First, it is now relatively certain, from recent studies in the intact dog heart and in the isolated papillary muscle, that alterations in sympathetic tone, and changes in heart rate, short of marked tachycardia, do not result in acute changes in the distensibility of the left ventricle.11 ly, the mean intrapleural pressure may diminish slightly during the hyperventilation that accompanies exercise,'7' 18 and this effect alone would tend to lower the left ventricular end-diastolic pressure with reference to an external zero reference point. From these considerations it seems justifiable to conclude that any increase in the left ventricular enddiastolic pressure during exercise reflects an increase in the end-diastolic volume of the ventricle. Finally, while acute changes in distensibility probably did not occur, the possibility must be considered that chronic alterations in ventricular compliance existed consequent to long-standing aortic valve disease. Thus, while it may be assumed that in the eight patients in whom abnormal increases in left ventricular end-diastolic pressure occurred the left ventricular end-diastolic volume also increased, the elevations in pressure could Circulation, Volume XXXIII, April 1966 have been magnified by increased stiffness of the ventricular wall .19 In only two patients did left ventricular stroke work fail to increase during exercise, and, in general, there was no correlation between the magnitude of the increase in the stroke work and the change in the left ventricular end-diastolic pressure. In the two patients in whom the stroke work fell, as well as in most of the others studied, the primary determinant of a change in the stroke work was an alteration in stroke volume, since changes in the mean systolic pressure in the left ventricle resulting from exercise were usually small.
In consideration of the stroke volume alterations in relation to the changes in the left ventricular end-diastolic pressure induced by exercise, it may be recalled that the response of the normal left ventricle to supine exercise usually consists of a small increase in the stroke volume,20-25 and, as mentioned previously, a slight fall, or a rise of less than by an abnormally small alteration in stroke volume. Thus, as observed in five of these patients, an increase in left ventricular enddiastolic pressure, coupled with a reduction or little change in the stroke volume, suggests that a distinct depression of left ventricular function was present. In the three patients in whom both left ventricular enddiastolic pressure and stroke volume increased, the mechanism by which the stroke volume increased is uncertain, since it could have been mediated either by a sizable change in the end-diastolic volume, i.e., through the Frank-Starling mechanism, primarily through a positive inotropic effect, or through a combination of these mechanisms. A final point regarding the stroke volume changes may be made in reference to patient G.N. In this instance, a rather marked increase in the peak left ventricular systolic pressure was noted during exercise (to 198 mm. Hg), and a large increase in the left ventricular stroke work occurred. This was associated with some rise in the left ventricular end-diastolic pressure, but the stroke volume fell. Previous studies from this laboratory have shown that increasing the systemic arterial pressure by means of an infusion of angiotensin results in no change or a fall in the stroke volume in patients with left ventricular dysfunction, while in normal subjects an increase in stroke volume occurs. 31 It is thus possible that in this patient the decrease in stroke volume may have been partly related to the increased pressure load on the left ventricle.
The findings in the present study indicate that direct determination of the left ventricular pressure, and of the stroke volume, before and during exercise permits the detection of abnormalities in left ventricular function that would not be apparent from assessment of changes in the cardiac output and oxygen consumption alone. The etiology of these abnormalities of the left ventricular myocardium must remain speculative. In all of the patients who exhibited abnormal responses, the left ventricular end-diastolic pressure was elevated prior to operation. In two patients, angina pectoris was present prior to opera-tion, and in one (R.H.) pulsus alternans was evident during the initial cardiac catheterization, suggesting that underlying myocardial or coronary artery disease contributed to the preoperative disability in these three patients. In the remaining five patients, of whom two had aortic stenosis and regurgitation and three had aortic stenosis alone, four were 49 years of age or older (L.B., G.N., E.N., and C.W.), and patient J.R. had a left ventricular pressure of 230/26 mm. Hg prior to operation. Thus, it seems likely that a long-standing or unusually severe hemodynamic burden contributed to the abnormal left ventricular function observed in these patients postoperatively.
Summary
Evaluations of left ventricular myocardial function were carried out in 14 patients 4 to 16 months after stenotic or regurgitant malformations of the aortic valve had been corrected by valve replacement. The circulatory responses to exercise, judged by the increases in cardiac output in relation to the increases in oxygen consumption, were normal or only mildly reduced in 12 patients. In five patients, the relationships between the change in the left ventricular end-diastolic pressure and the alteration in the stroke volume were also normal, a fall or an increase in left ventricular end-diastolic pressure of less than 3 mm. Hg being accompanied by an increase in stroke volume. In eight patients, however, abnormal increases in the left ventricular end-diastolic pressure occurred during exercise, and in four the left ventricular end-diastolic pressure was increased to levels above 12 mm. Hg. Variable alterations in the stroke volume accompanied these increases in end-diastolic pressure. It is suggested that in the three patients who exhibited simultaneous increases in left ventricular end-diastolic pressure and stroke volume, the changes were either a manifestation of the Frank-Starling mechanism, or primarily the result of a positive inotropic influence. In the five patients who exhibited increases in left ventricular end-diastolic pressure, but no change or a fall in stroke volume, it is proposed that a distinct depression of left ven-tricular performance was present. Thus, while the cardiac output response was adequate to meet the stress of exercise in the majority of the patients studied following aortic valve replacement, determination of the relationship between the left ventricular end-diastolic pressure and the stroke volume permitted the detection of abnormalities in the function of the left ventricle.
